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ABSTRACT 
Long term monitoring of Lake Whatcom, a large monomictic lake located east of 
Bellingham, Washington, has indicated a decrease in water quality that resulted in excessive 
algae growth associated with increased phosphorus inputs. Recently, a total maximum daily 
load was issued to limit phosphorus inputs into the lake, with emphasis on storm water 
mitigation. Not all phosphorus in storm water can be used by algae; the portion that can be 
used is described as bioavailable, and includes both inorganic and organic forms of 
phosphorus. My research focused on quantifying the amount of phosphorus made available 
by alkaline phosphatase, an algal and bacterial enzyme that can release some of the 
phosphorus associated with organic and inorganic particulates. Storm water samples were 
collected from three major tributaries of Lake Whatcom and analyzed to determine the initial 
total phosphorus concentrations. The alkaline phosphatase bioavailable phosphorus 
concentration was determined using dual culture diffusion apparatuses, with phosphorus-
starved Selenastrum capricornutum algal cultures that were separated from the storm water 
phosphorus source by an enzyme-permeable membrane. The total phosphorus concentrations 
in the storm water were reduced by 37 to 92% (median = 78%), which suggests that storm 
water entering Lake Whatcom contains a substantial amount of bioavailable phosphorus. 
Because of this, management goals should assume that all storm water entering the lake from 
these tributaries has an equal ability to sustain algal growth. Chlorophyll α was not correlated 
with phosphorus reductions, suggesting that in these short-term tests, the algal cellular energy 
may instead have been focused on enzyme production to facilitate phosphorus uptake.  
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 INTRODUCTION 
Phosphorus is often the limiting nutrient that regulates the total algal and macrophyte 
biomass in temperate lake ecosystems (Wetzel, 2001). Phosphorus enters lakes via two major 
processes: internal loading, which is primarily due to resuspension or release of phosphorus 
from lake sediments and decomposition of organic matter within the lake; and external 
loading, which is usually associated with particulates and water flowing into the lake from 
the watershed (Wetzel, 2001). Once in a lake, phosphorus has the ability to yield up to 500 
times its own weight in algae (Wetzel, 2001).  
 
My study focused on phosphorus transported during storm events into Lake Whatcom, a 
large monomictic, meso-oligotrophic lake located in Whatcom County, Washington (USA). 
The objective of my study was to quantify the amount of biologically available phosphorus in 
Lake Whatcom storm water. I used bioassays containing cultured algae and storm water 
samples from three major tributaries of Lake Whatcom to accomplish this objective.  
 
Lake Whatcom is located east of Bellingham, Washington and contains nearly 950 million 
cubic meters of water (City of Bellingham, 2014). The lake has a mean width of 1.9 
kilometers, a centerline length of 17 kilometers, and is 100 meters at its deepest point 
(Mitchell, et al., 2010). The watershed has a surface area of approximately 150 square 
kilometers. Roughly 80% of the watershed is forested. Portions of the watershed have 
become developed, with 6,500 homes within the watershed (City of Bellingham, 2014). In 
addition to providing home to 15,000 people, the Lake Whatcom watershed contains habitat 
for 13 species of fish and other wildlife. The lake also serves as the drinking water source for 
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approximately 100,000 people who live in Bellingham and the surrounding area (City of 
Bellingham, 2014). 
 
In 1988, a collaborative monitoring program was initiated by the City of Bellingham and the 
Institute for Watershed Studies (IWS) at Western Washington University to provide long-
term data on temperature, pH, conductivity, dissolved oxygen, turbidity, alkalinity, nitrogen, 
phosphorus, chlorophyll α, and algae concentrations in Lake Whatcom (Matthews et al., 
2013). Results from the long term monitoring of Lake Whatcom showed trends of 
deteriorating water quality indicated by increased total phosphorus concentrations, increased 
near-surface algae counts, increased chlorophyll concentrations, increased pH, and depletion 
of hypolimnetic dissolved oxygen. Lake Whatcom was placed on the Environmental 
Protection Agency’s (EPA) 303d list of impaired water bodies due to decreasing 
concentrations of hypolimnetic dissolved oxygen (Ecology, 1998). The decreasing 
hypolimnetic dissolved oxygen concentrations were linked to increasing rates of organic 
matter entering the hypolimnion, which were caused by increasing algal densities resulting 
from excess phosphorus loading (Matthews et al., 2013). To address this issue, the 
Washington State Department of Ecology developed a Total Maximum Daily Load (TMDL) 
to instigate a reduction in the amount of phosphorus entering Lake Whatcom (Ecology, 
2014).  
 
Hypolimnetic anoxia has a magnifying effect on internal phosphorus loading in lakes because 
it increases the release of sediment-bound phosphorus. One aspect involves the effect of 
oxygen on the equilibrium between oxidized and reduced iron. In the presence of dissolved 
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oxygen, iron in lake sediments is in the form Fe3+. This form of iron can bind with PO4
3- to 
form an insoluble precipitate, acting as a sink for phosphorus. In the absence of dissolved 
oxygen, iron in lake sediments is reduced to Fe2+ and releases orthophosphate into the 
sediment pore water. If the hypolimnon is oxygenated, the soluble phosphorus is retained in 
the sediments, but if the hypolimnion is anoxic, the soluble phosphorus can diffuse into the 
water column. This release of phosphorus into the anoxic hypolimnion is a major factor in 
internal phosphorus loading and can lead to a positive feedback loop. This occurs when 
increasing algal growth in the epilimnion subsequently results in more organic matter 
entering the hypolimnion, which further depletes dissolved oxygen levels, thus increasing the 
amount of phosphorus released from the sediments. Lake circulation can then transport this 
phosphorus into the photic zone, where algae proliferate. Internal loading is an indirect target 
for the TMDL, which focuses on reducing external loading as a way to reduce the density of 
algae in the lake. The TMDL currently sets a goal of decreasing the external phosphorus load 
such that 87% of the currently developed land stores and filters phosphorus like forested 
land. Surface and subsurface flow accounts for 70-80% of the water input into Lake 
Whatcom (Matthews et al., 2013). This places the primary emphasis for phosphorus 
reduction on storm water (Ecology, 2014).  
 
Site description 
Anderson, Austin, and Smith Creeks were selected for sampling because they are the three 
largest streams within the Lake Whatcom watershed (Figure 1). Anderson Creek is Lake 
Whatcom’s second largest tributary with respect to annual discharge (including the 
diversion), draining an area of 10.4 km2 at the southeastern end of Lake Whatcom, with a 
total flow of 1.3x107 m3 during the 2013 water year (Beeler, 2014). The Anderson Creek 
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watershed is 0.26% developed (NOAA, 2011) with 7.3 km of roads (USCB, 2013). A 
diversion dam is located on the Middle Fork of the Nooksack River. The water is periodically 
diverted to help maintain the water level in Lake Whatcom. Water from the Middle Fork is 
piped to Mirror Lake, which acts as a settling pond for particulates, before draining into 
Anderson Creek (Beeler, 2014; Tracey, 2001). As a result, the water chemistry and flow of 
Anderson Creek can vary significantly, depending on how much water the diversion is 
directing from the Middle Fork into Mirror Lake. Real-time stream gauging by the United 
States Geological Survey (USGS) helps the Institute for Watershed Studies (IWS) determine 
whether or not the diversion is open or closed. Austin Creek, located on the west side of Lake 
Whatcom, is the largest tributary to Lake Whatcom, draining 21.4 km2, with a total flow of 
1.7x107 m3 during the 2013 water year (Beeler, 2014). The Austin Creek watershed has    
69.5 km of roads (USCB, 2013), is 5.63% developed (NOAA, 2011), and includes the 
residential community of Sudden Valley. Smith Creek is Lake Whatcom’s third largest 
tributary, draining 13.6 km2, with a total flow of 1.1x107 m3 during the 2013 water year 
(Beeler, 2014). Smith Creek is located on the eastern side of Lake Whatcom. The Smith 
Creek watershed contains 4.6 km of roads (USCB, 2013) and the watershed is               
0.06% developed (NOAA, 2011). 
 
Phosphorus in Lake Whatcom tributaries 
Due to its reactivity, phosphorus is rarely found in its elemental state. Instead, phosphorus is 
found in a variety of inorganic and organic compounds. Phosphorus originates as apatite 
minerals in rocks and other geological deposits, which undergo weathering and move 
particulate as well as soluble phosphorus (inorganic) into the soil. The most common form of 
inorganic phosphorus is PO4
3-, or orthophosphate. Orthophosphate can be found free in 
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solution, but due to its negative charge it can also be adsorbed onto a positively charged soil 
particle containing iron, aluminum, or calcium. Once a rock containing apatite is weathered, 
plants have the ability to take up the orthophosphate readily, which converts the inorganic 
phosphorus to organic phosphorus. In plants, phosphorus is required for the formation of 
several molecules including phospholipids found in cell membranes and nucleotides found in 
DNA and RNA (Shan et al., 1994). Eventually these plants die or are eaten by animals, 
resulting in additional recycling of the organic phosphorus. Due to physical and chemical 
breakdown processes, the size of the organic matter containing the phosphorus can vary. 
Organic phosphorus is classified as dissolved if it can pass through a 0.45 µm filter. 
 
Storm water contains a complex mixture of phosphorus compounds. During a storm event the 
phosphorus in soils can move into streams in several ways. Phosphorus can move into 
solution and be transported through the process of leaching. This quantity of phosphorus is 
often very small due to how readily available orthophosphate is to plants as it moves through 
the soil environment. Overland flow can also bring both inorganic and organic phosphorus 
into the stream. The energy associated with the increase in discharge during a storm event 
can also resuspend particulates that have been deposited in the stream since the last storm 
event. If the increase in discharge is high enough, bank erosion can occur, which brings 
additional organic matter from the soil as well as apatite minerals into the stream (Wetzel, 
2001). 
 
Not all phosphorus in storm water can be used by algae. The portion that can be used for 
cellular requirements is called bioavailable phosphorus (DePinto et al., 1981; PMSTF, 1980; 
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Qualls, 2006). In my thesis, bioavailable phosphorus is defined as the sum of the available 
forms of phosphorus. This includes orthophosphate, the phosphorus that moves into solution 
following desorption, along with orthophosphates that can be liberated from organic and 
inorganic phosphorus by alkaline phosphatase. Orthophosphate is the most readily available 
form of phosphorus for most algae (Ekholm, 1994), but certain types of algae that were not 
used in my study, such as dinoflagellates and cryptomonads, are able to use dissolved organic 
phosphorus or ingest particulate phosphorus. 
 
Phosphorus can become bioavailable in several ways. Phosphorus bound to soil particles 
becomes bioavailable once it desorbs and moves into solution as orthophosphate (Soinne, 
2009). Once in solution, orthophosphate can be readily taken up by algae. Alkaline 
phosphatase, which is produced by both bacteria and algae, can increase the amount of 
phosphorus that is bioavailable to algae. Alkaline phosphatase has the ability to catalyze the 
breakdown of certain types of organic molecules including phospholipids, phosphate 
monoesters, nucleoside polyphosphates, deoxynucleoside polyphosphates, and S-
phosphorothioate esters and produce orthophosphate (Ehle et al., 1985; Shan et al., 1994). 
When alkaline phosphatase encounters an organic compound it can act on, it hydrolyzes the 
compound and removes the orthophosphate. Orthophosphate is also able to be hydrolyzed 
from pyrophosphate, an inorganic molecule produced every time a cell hydrolyzes ATP to 
AMP (Shan et al., 1994; Reid and Wilson, 1971).  
 
Dual culture diffusion apparatus 
The dual culture diffusion apparatus (DCDA), developed by DePinto et al. (1981), is well-
suited for assessing the amount of bioavailable phosphorus in storm water that is accessible 
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via the action of alkaline phosphatase. The DCDA allows algal cells to be cultured in a 
chamber that is physically separated from the particulate phosphorus in storm water by a 
0.45-µm membrane that is permeable to alkaline phosphatase (Figure 2). The pore size of the 
membrane separating the two chambers allows the diffusion of dissolved phosphorus and 
enzymes between the two chambers but maintains separation between the algae        
(diameter > 0.45 µm) and the particulates in the storm water (diameter > 0.45 µm). The 
growth and uptake of phosphorus by native algae in the storm water is minimized by placing 
the chamber of the DCDA containing storm water in a black sleeve that reduces the amount 
of light entering the storm water chamber (Azad and Borchardt, 1970). The membrane 
separating the two chambers is also black, which also reduces the light input. This helps 
ensure that the change in phosphorus in the storm water chamber of the DCDA is due 
primarily to uptake by the cultured algae as opposed to any native algae in the storm water.  
 
The purpose of my thesis was to quantify the biologically available phosphorus in storm 
water entering Lake Whatcom. The most common approach to estimating bioavailable 
phosphorus in runoff is to use chemical extractions, usually involving weak acids, which 
provide an approximation of the portion of phosphorus that could be extracted from 
suspended sediments by algae or other types of plants (Ekholm and Krogerus, 2003). While 
chemical extractions serve as a useful tool for estimating bioavailable phosphorus, the results 
only represent an amount of phosphorus that might be theoretically bioavailable. I developed 
an algal bioassay that can quantify the actual, rather than theoretical portion of biologically 
available phosphorus in storm water entering Lake Whatcom, specifically focusing on the 
portion of bioavailable phosphorus released via alkaline phosphatase activity. The 
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development of this bioassay required a series of preliminary methods experiments, which 
are described in Appendix A. The final five bioassays, which employed the methods 
developed as part of my research, are presented in the main body of my thesis as 
Experiments 1-5. 
METHODS 
Storm water collection 
Storm water samples were collected from the previously established IWS sampling sites in 
Anderson Creek, Austin Creek, and Smith Creek (Figure 1) using an ISCO model 6712 
automated sampler.1 Samples were collected between November, 2013 and January, 2014 
(Table 1). The ISCO samplers were programmed to begin sampling prior to the onset of a 
predicted rain event and to continue sampling through the peak of the hydrograph. The 
number of unique samples collected during each storm event depended on the length of the 
rain event, but typically ranged from 12 to 24 unique samples. The ISCO sample collected 
nearest the peak of the hydrograph (ideally, just prior to the peak) was used for my bioassays. 
Samples were retrieved from the field within 24 hours of collection, and the bioassays were 
started as soon as possible. Hydrograph data (discharge, gage height) from Anderson, Austin, 
and Smith Creeks were collected by IWS or USGS. Anderson Creek data provided by USGS 
were available online in real time. Austin Creek and Smith Creek hydrological data were 
available weekly via IWS field downloads. The initial discharge for each creek was 
determined by identifying the discharge immediately prior to the initiation of the rising 
portion of the hydrograph. The increase in discharge (∆Discharge) was determined by 
                                                          
1 Teledyne ISCO, Lincoln, NE, USA 
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subtracting the initial discharge from the peak discharge for a specific storm event and at the 
specific site (Figures 3-7).  
Algal bioassays 
Each DCDA consisted of two chambers separated by a black, cellulose nitrate 0.45-µm 
membrane (Part no. 10407734)2 that was permeable to alkaline phosphatase, but not intact 
algal cells. One of the DCDA chambers received 1 mL of phosphorus-starved Selenastrum 
capricornutum in 49 mL of phosphorus-deficient growth medium (EPA, 2002); the opposite 
chamber received 50 mL of storm water and was covered with a black fabric sleeve to 
exclude light. The DCDA air ports were plugged with nonabsorbent cotton and cheese cloth 
and placed on a VWR model D5500E orbital shaker table3 in a Percival Scientific model 
166LLVLX environmental chamber.4 The algae were allowed to grow for 7 days under 
continuous, cool white fluorescent light at 23°C. Each creek was tested in triplicate along 
with one control DCDA. The DCDA units were manufactured by Scientific Technical 
Services at Western Washington University based on the description from DePinto et al. 
(1981). 
 
At the conclusion of the experiment, aliquots were removed for phosphorus, cell, and 
chlorophyll analysis. An aliquot was removed from the storm water chamber to measure the 
final total phosphorus concentration (TPFnl), which was subtracted from the initial total 
phosphorus concentration of the sample used in the bioassay (TPInt) to calculate the reduction 
in total phosphorus concentration (∆TPConc) and the percent reduction in total phosphorus 
                                                          
2 Whatman Inc, Piscataway, New Jersey, USA 
3 VWR, Radnor, PA, USA 
4 Percival Scientific, Perry, IA, USA 
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(∆TPPct). An aliquot was removed from the algae chamber to measure the final cell 
concentration (CellsFnl). The initial cell concentration at the start of the bioassay (CellsInt) 
was then subtracted from CellsFnl to calculate the change in cell concentration (∆Cells). An 
aliquot was also removed from the algae chamber to measure the final chlorophyll 
concentration (ChlFnl). The initial chlorophyll concentration in the diluted S. capricornutum 
inoculum at the start of the experiment (ChlInt) was also measured. To calculate the change in 
chlorophyll concentration (∆Chl), the final chlorophyll concentration in the control DCDA 
(Ctrl.ChlFnl) was subtracted from the final chlorophyll concentration in each replicate. The 
change in chlorophyll concentration was calculated this way to determine whether the 
chlorophyll concentration increased in the storm water treatments compared to the control.  
 
Algal culture maintenance 
A stock culture of S. capricornutum was maintained for use in the DCDA experiments 
following U.S. EPA method 1003.0 (EPA, 2002). One mL of S. capricornutum was 
transferred weekly using semi-sterile technique to a 250-mL Erlenmeyer flask containing    
99 mL of growth medium prepared following the method above. After the transfer, the flasks 
were plugged with nonabsorbent cotton and cheese cloth stoppers to permit air exchange but 
prevent particulate contamination, and then incubated on a VWR model D5500E orbital 
shaker table at 100 rpm in a Percival Scientific model 166LLVLX environmental chamber at 
23°C, under cool white fluorescent light. 
 
Laboratory analyses 
The total suspended solids (TSS) analyses were performed at the IWS laboratory following 
IWS SOP #13 (IWS, 2013a). Total suspended solids concentrations were determined by 
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filtering known volumes of storm water through pre-weighed Whatman 25 mm-GF/C glass 
microfiber filters (part no. 1822-021) into a pre-weighed crucible. The filters were dried for 
three hours at 103°C and reweighed to determine a consistent dry post-weight. The pre-
weighed crucible and filter weights were then subtracted from the consistent dry post-
weights. These final weights were then divided by the volume of sample filtered to obtain 
TSS. The IWS minimum detection limit for TSS is 1.8 mg/L (IWS, 2015).  
 
Nutrient analyses were performed following IWS SOP #22 (IWS, 2014). Total phosphorus 
(TP) concentrations were determined by transferring 5 mL aliquots of sample into 
borosilicate glass cuvettes, then adding 2 mL of potassium persulfate/NaOH oxidizing 
reagent to each cuvette. The samples were capped with foil and autoclaved for 35 minutes, 
121°C, 120 psi then stored in the dark at 4 °C for a maximum of 30 days until they were 
analyzed using an Alpken FS3100 autoanalyzer.5 The IWS minimum detection limit for TP is 
1.6 µg/L (IWS, 2015).  
 
Soluble reactive phosphorus (SRP) is defined as the portion of inorganic phosphorus in a 
water sample that will pass through a 0.45 µm filter and can be quantified without the 
addition of an oxidizing reagent. Analyses for SRP were performed by filtering 50 mL of 
storm water through acid-washed Whatman mixed nitrocellulose filters (0.45 µm, part no. 
SA1J792H5). Each filtrate was stored in an acid-cleaned polypropylene bottle in the dark at  
-8°C for a maximum of 30 days until each filtrate was analyzed using an Alpkem FS3100 
autoanalyzer. The IWS minimum detection limit for SRP is 2.7 µg/L (IWS, 2015). 
 
                                                          
5 Alpkem Corporation, College Station, TX, USA 
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Algal Biomass  
Chlorophyll analyses were performed following IWS SOP #12 (IWS, 2013b) by filtering a 
20 mL aliquot from the algae side of the DCDA through a Whatman 25 mm-GF/C glass 
microfiber filter (part no. 1822-025). Each filter was placed in aluminum foil and stored in 
the dark at -8°C for a maximum of 21 days. Each filter was removed, ground using a total of 
8 mL of reagent grade 90% acetone, then transferred to a borosilicate glass cuvette, covered 
with Parafilm and extracted for 16-20 hours at 4°C in the dark. After extraction, each sample 
was centrifuged at 1,900 rpm for 15 minutes, allowed to reach a stable temperature, and then 
decanted into clean cuvettes. The fluorescence of each sample was measured before and after 
acidification with 8 drops 0.1 N HCl on a Turner Designs TD-700 fluorometer.6 Each sample 
was analyzed in duplicate; the chlorophyll concentrations were corrected for phaeophytin and 
entered as the average of the duplicate pairs.  
 
Data analysis 
Data were analyzed using graphical plots and Kendall’s τ rank-based correlation analyses to 
identify variables that were related to the reduction in total phosphorus.  The best relationship 
was selected to create a linear model to predict the reduction in total phosphorus, using 
transformation if needed to meet the assumptions of linear regression. All statistical analyses 
were performed using the R statistical program (R Development Core Team, 2014).  
                                                          
6 Turner Designs, Sunnyvale, CA, USA 
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RESULTS 
Storm water characterization 
Samples for the DCDA experiments were collected on five dates between November 2, 2013 
and January 11, 2014 (Table 1). The samples represented four storm events and one base 
flow event. The diversion dam was open during two of the four storm events, so the flow in 
Anderson Creek represented a mixture of runoff originating entirely within the Lake 
Whatcom watershed, as well as outflow from Mirror Lake that included water from the 
Middle Fork of the Nooksack River. The base flow samples were collected on November 30, 
2013; none of the creeks received more than trace amounts of rainfall during the sampling 
event. Austin and Smith Creeks had not received any rainfall prior to November 19, 2013 
(Table 1). Anderson Creek had not received any rainfall since November 19, 2013 either, but 
the diversion dam was open when the base flow sample was collected. 
 
Total suspended solids concentrations for all sites tended to be similar within a single storm 
event, but had a substantial range (4.1 to 131.5 mg/L) across the four storm events used for 
the bioassays (Tables 2-6). During base flow (Experiment 3) the TSS concentrations were 
relatively low, ranging from 2.5 to 7.1 mg/L. Experiment 5 had the highest TSS 
concentrations out of all events sampled. This is likely due to the fact that Experiment 5 had 
the highest ∆Discharge value at Austin and Smith Creeks, and the second highest ∆Discharge 
at Anderson Creek. The TSS was least consistent during Experiment 1, where Anderson 
Creek had a relatively low TSS concentration compared to Austin Creek and Smith Creek. 
This may have been related to the diversion dam, which was closed during this sampling 
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period.  As a result, the ∆Discharge was relatively low in Anderson Creek, and this may have 
resulted in the lower TSS concentrations.  
 
Initial total phosphorus (TPInt) concentrations ranged from 24.8 to 207.9 µg/L during storm 
events, with a median of 75.1 µg/L (Tables 2-6). The base flow TPInt concentrations were 
relatively low, ranging from 19.1 to 22.5 µg/L. There was no pattern in the total phosphorus 
concentration reductions at an individual sampling location. This was expected, as antecedent 
conditions and storm magnitude change with each event. There was also no pattern in the 
total phosphorus concentration reductions during a specific storm event. This was also 
expected because no two watersheds are the same. 
 
The ∆TPConc appeared to be related to TPInt (Tables 2-6). For example, the initial total 
phosphorus concentration at Austin Creek during Experiment 1 was 191.0 µg/L and the final 
total phosphorus concentration was 32.4 µg/L, a reduction of 158.6 µg/L of total phosphorus. 
The initial total phosphorus concentration at Austin Creek during Experiment 3 was         
21.1 µg/L and the final total phosphorus concentration was 5.2 µg/L, a reduction of          
15.9 µg/L. As increasing concentrations of total phosphorus were present in the storm water, 
increasing concentrations of total phosphorus were able to be used by the algae. 
 
Three of the four storm experiments, Experiments 1, 2, and 4 had relatively high ∆TPPct for 
all sampling locations, ranging from 67.7 to 91.9% (Tables 2,3,5; Figure 8). The ∆TPPct for 
Experiment 5 was relatively low, ranging from 36.7 to 77.0%. This experiment had the 
highest TSS concentrations for all sampling locations. The amount of phosphorus associated 
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with particulates may have been greater during this storm event than other storm events 
sampled. Subsequently, the 7-day algal bioassays may not have provided enough time for the 
algae to take up the larger amount of total phosphorus that was potentially available in these 
storm water samples. Experiment 3 (base flow) also had relatively low percent reductions in 
total phosphorus, ranging from 47.6 to 77.3%.  
 
Soluble reactive phosphorus concentrations were often unrelated to total phosphorus during 
the storm events sampled for my bioassays. The highest initial total phosphorus 
concentration was measured during Experiment 5 at Anderson Creek (207.9 µg/L). The 
lowest initial total phosphorus concentration was measured during Experiment 3 at Smith 
Creek (19.7 µg/L). The SRP concentrations measured during these two experiments though 
were similar.  
 
Algal biomass 
The ∆Chl was not similar for each sampling location from event to event, and had a moderate 
range (-2.2 to 26.9 mg/m3) with a median of 5.5 mg/m3 across the five storm events used for 
the bioassays (Tables 7-11). The negative value indicates a final chlorophyll concentration in 
a treatment that was less than the control chlorophyll concentration at the end of the 
experiment. The change in chlorophyll concentrations tended to be similar for all sites within 
the same event. The exception to this occurred at Austin Creek during Experiment 2. The 
median change in chlorophyll concentrations for Anderson Creek and Smith Creek were    
4.3 and 6.8 mg/m3 respectively, and the median change in chlorophyll concentration at 
Austin Creek was 14.0 mg/m3, showing the inconsistency between sampling locations during 
this event.  
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The increase in cell concentration also had a moderate range (40,000-160,000 cells/mL) with 
a median of 100,000 cells/mL (Tables 7-11). The increase in cell concentrations tended to be 
related to site, with Anderson Creek or Austin Creek having the greatest increase and Smith 
Creek having the smallest increase. For example, during Experiment 2, the increase in cell 
concentration was 150,000 cells/mL at Anderson Creek, 110,000 cells/mL at Austin Creek, 
and 80,000 at Smith Creek. A one cell increase observed using a microscope represents 
approximately a 10,000 cell/mL increase when conducting cell counts with a Palmer Cell and 
Nikon Eclipse 80i microscope.7  
 
Correlation results 
Most of the correlations between water quality variables were predictable, including 
significant correlations between ∆Discharge, TSS, and TPInt.  One of my major objectives 
was to identify water quality variables that could be used to predict the bioavailability of 
phosphorus in storm water, so my correlation analysis focused on variables that were highly 
correlated with ∆TPConc.  The ∆TPConc correlated with four other variables: SRP, TPInt, 
∆Discharge, and TSS (Table 12); the best correlation (highest Kendall’s τ) was between 
∆TPConc and TPInt.  Although the increase in cell concentration was correlated with 
∆Discharge, TSS, and TPInt, the increase in chlorophyll concentration was not significantly 
correlated with any other variable, including ∆Cells. 
 
 
 
 
                                                          
7 Nikon Instruments Inc, Melville, NY, USA 
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DISCUSSION 
Biologically available phosphorus 
My quantifications of bioavailable phosphorus in storm water using the DCDA’s were 
greater than the amounts estimated in soils based on a chemical extraction (Groce, 2011). 
Previous work by Groce (2011) estimated that about 53% of total phosphorus in Lake 
Whatcom soils was potentially bioavailable, based on a chemical extraction using 0.25 M 
NaOH and 0.05 M Na2EDTA. My results indicated that this chemical extraction of soils, for 
the most part, underestimated bioavailable phosphorus compared to the DCDA bioassays. 
 
The bioassay method I used required 24-hr light to obtain the maximum bioavailable 
phosphorus concentration. Twenty-four-hour light is not found in the Lake Whatcom 
watershed, but the constant light facilitated the maximum phosphorus uptake. Preliminary 
methods development, (experiment I), found that phosphorus uptake was approximately 14% 
lower using a 12-hr light/dark regime compared to 24-hr light. Azad and Borchardt (1970) 
found similar results, to which they attributed a decrease in overall anabolic efficiency during 
periods of darkness. 
 
The Smith Creek results show significantly lower ∆TPPct values during Experiment 3. 
However, the initial and final total phosphorus concentrations were relatively low, so the 
influence of small variations in phosphorus would have relatively large influences on percent 
reductions. Golterman (2001) states that the diffusion of phosphorus may also be reduced 
simply by the low concentration gradient when using low initial total phosphorus 
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concentrations and with readsorption of phosphorus onto sediments captured with the storm 
water sample. 
 
The storm event sampled on January 11, 2014 (Experiment 5), was much more significant in 
terms of ∆Discharge, which led to the highest TSS at all sites and the highest TPInt at 
Anderson and Smith Creeks, and the second highest TPInt at Austin Creek. In this case, the 
length of the experiment (7 days) may have been too short for the algae to utilize all of the 
available phosphorus, which would explain the significantly lower ∆TPPct. Ekholm and 
Krogerus (2003) found that experiments starting with more than 175 µg/L of TPInt 
underestimated the true bioavailability of phosphorus when experiments ran for only 7 days. 
Ekholm and Krogerus (2003) discovered that the true bioavailability was an average of 24% 
greater when the length of the experiment was increased to 3-4 weeks. The increase in 
experiment length may provide algae with more time to produce alkaline phosphatase and 
utilize more of the particulate associated phosphorus.  
 
The lack of correlation between ∆Chl and ∆TPConc was not unexpected based on previous 
studies. For example, Kruskopf and Flynn (2005) determined that chlorophyll concentration 
was poorly related to cell biomass and growth rate under nutrient limited conditions, though 
chlorophyll analysis is often used as a surrogate for algal biomass due to the cost and time 
requirements of algal biomass analysis (Wetzel, 2001). Furthermore, Wynne (1981) found 
that decreasing concentrations of available extracellular dissolved phosphorus were linked to 
decreasing chlorophyll concentrations. Lippemeier et al. (2001) suggested that when algae 
have limited metabolic energy, the cellular activities must either be devoted to nutrient 
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acquisition or photochemical processes. Enzyme production, including production of alkaline 
phosphatase, is an intensive energy process. Lippemeir et al. (2001) concluded that 
phosphorus-starved-algae would devote available energy to increasing phosphorus 
availability over chlorophyll production. That conclusion was supported in my study, where 
phosphorus-starved-algae were demonstrated to be producing alkaline phosphatase 
(experiment G), but the enzyme activity and ∆TPConc was not linked to an increase in 
chlorophyll. Given the lack of consistency between ∆Chl and ∆TPConc, the lack of 
consistency between ∆Cells and ∆TPConc during the experiments was also anticipated. 
Cellular division, like enzyme production, is an energy intensive process. Phosphorus is 
required for the formation and production of DNA. If phosphorus concentrations are low, 
algae may devote available energy to phosphorus acquisition, and later, when possible, will 
begin cellular division (Lippemeir et al., 2001). 
 
Changes in the total phosphorus concentrations did not produce consistent ∆Cells. For 
example, during Experiment 5, the DCDA replicates from Austin and Smith Creeks had 
similar ∆TPConc (44.2 and 41.8 µg/L, respectively), but dissimilar ∆Cells (140,000 and 
100,000 cells/mL, respectively). Additionally, the cell concentrations in the Anderson Creek 
DCDA replicates (120,000 cells/mL) fell between the other sites, despite nearly twice the 
∆TPConc (109.0 µg/L). It is possible that different forms of phosphorus (dissolved inorganic, 
dissolved organic, organic particulate) were present in the storm water, with some forms 
being more readily available to algae than others. 
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Predicting the reduction in phosphorus 
The reduction in total phosphorus concentration is often difficult to measure due to the time 
and cost of materials. Kendall’s τ correlation analysis identified four potential predictor 
variables that were significantly associated with the reduction in total phosphorus 
concentration. Of the four variables, the initial total phosphorus concentration had the highest 
correlation with the reduction in total phosphorus concentration (Kendall’s τ=0.783). Guided 
by this correlation result, I created a linear model using the square root transformed initial 
total phosphorus concentration to predict the reduction in total phosphorus concentration     
(y = 11.85x - 42.36; adjusted R2 = 0.83; p value = 1.40 e-06; Figure 9). The relationship can 
potentially be used to predict the bioavailable phosphorus in storm water entering Lake 
Whatcom. 
 
Conclusion 
Phosphorus availability is the most important factor in the majority of temperate latitude 
lakes (Sondergaard et al., 2003). My research found that 37 to 92% of the phosphorus in 
storm water is available for use by algae. Due to the volume of the DCDA I was not able to 
measure the phosphorus increase in the algae chamber of the DCDA, only the reduction in 
total phosphorus in the storm water chamber. The percent of phosphorus available for use in 
my study was higher than the percent found by Groce (2011). My experiments used live 
algae, not a chemical extraction to estimate bioavailability, which allowed me to account for 
the ability of alkaline phosphatase to make additional phosphorus available to the algae. My 
findings demonstrate that the TPInt (µg/L) in storm water was significantly correlated with 
the amount of biologically available phosphorus. This relationship can potentially serve as a 
tool for quantifying the bioavailable phosphorus entering Lake Whatcom.  
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TABLES 
Table 1. Summary of discharge rates and Nooksack River diversion status for storm events sampled for the DCDA bioassays. 
 
Event Creek Date Initial discharge (m3/s) Peak discharge (m3/s) ∆Discharge (m3/s) Diversion 
Experiment 1 Anderson 11/2/13 0.11 0.37 0.26 Closed 
 Austin 11/2/13 0.32 1.68 1.36 NA 
 Smith 11/2/13 0.10 0.57 0.47 NA 
       
Experiment 2 Anderson 11/15/13 0.25 2.27 2.02 Open 
 Austin 11/15/13 0.37 3.01 2.64 NA 
 Smith 11/16/13 0.24 1.18 0.94 NA 
       
Experiment 3* Anderson 11/30/13 0.20 1.18 0.98 Open 
 Austin 11/30/13 0.28 0.28 0.0 NA 
 Smith 11/30/13 0.20 0.20 0.0 NA 
       
Experiment 4 Anderson 1/2/14 0.31 1.73 1.42 Open 
 Austin 1/2/14 0.52 1.82 1.30 NA 
 Smith 1/2/14 0.27 0.79 0.52 NA 
       
Experiment 5 Anderson 1/11/14 0.82 2.66 1.84 Closed 
 Austin 1/11/14 0.86 7.30 6.44 NA 
 Smith 1/11/14 0.41 2.40 1.99 NA 
* base flow
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Table 2. Soluble reactive phosphorus concentration (SRP), total suspended solids concentration (TSS), initial total phosphorus 
concentration (TPInt), final total phosphorus concentration (TPFnl), change in total phosphorus concentration (∆TPConc), and percent 
change in total phosphorus concentration (∆TPPct) for each DCDA bioassay of Experiment 1.  
 
Event Sampling 
Location 
Replicate SRP 
(µg/L) 
TSS 
(mg/L) 
TPInt 
(µg/L) 
TPFnl 
(µg/L) 
∆TPConc 
(µg/L) 
∆TPPct 
(%) 
Experiment 1 Anderson 1 12.0 8.8 63.4 14.2 49.2 77.6 
  2 12.0 8.8 63.4 10.9 52.5 82.8 
  3 12.0 8.8 63.4 12.6 50.8 80.1 
  Median 12.0 8.8 63.4 12.6 50.8 80.1 
         
 Austin 1 14.8 84.5 191.0 25.0 166.0 86.9 
  2 14.8 84.5 191.0 41.5 149.5 78.3 
  3 14.8 84.5 191.0 30.6 160.4 84.0 
  Median 14.8 84.5 191.0 30.6 160.4 84.0 
         
 Smith 1 6.4 32.8 57.7 7.6 50.1 86.9 
  2 6.4 32.8 57.7 8.2 49.5 85.8 
  3 6.4 32.8 57.7 6.5 51.2 88.7 
  Median 6.4 32.8 57.7 7.6 50.1 86.9 
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Table 3. Soluble reactive phosphorus concentration (SRP), total suspended solids concentration (TSS), initial total phosphorus 
concentration (TPInt), final total phosphorus concentration (TPFnl), change in total phosphorus concentration (∆TPConc), and percent 
change in total phosphorus concentration (∆TPPct) for each DCDA bioassay of Experiment 2. 
 
Event Sampling 
Location 
Replicate SRP 
(µg/L) 
TSS 
(mg/L) 
TPInt 
(µg/L) 
TPFnl 
(µg/L) 
∆TPConc 
(µg/L) 
∆TPPct 
(%) 
Experiment 2 Anderson 1 7.4 35.4 101.8 8.3 93.5 91.9 
  2 7.4 35.4 101.8 26.0 75.8 74.4 
  3 7.4 35.4 101.8 10.2 91.6 90.0 
  Median 7.4 35.4 101.8 10.2 91.6 90.0 
         
 Austin 1 9.1 71.8 93.0 30.1 62.9 67.7 
  2 9.1 71.8 93.0 29.8 63.2 68.0 
  3 9.1 71.8 93.0 15.2 77.8 83.7 
  Median 9.1 71.8 93.0 29.8 63.2 68.0 
         
 Smith 1 4.3 4.1 33.0 5.1 27.9 84.6 
  2 4.3 4.1 33.0 4.5 28.5 86.4 
  3 4.3 4.1 33.0 5.3 27.7 84.0 
  Median 4.3 4.1 33.0 5.1 27.9 84.6 
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Table 4. Soluble reactive phosphorus concentration (SRP), total suspended solids concentration (TSS), initial total phosphorus 
concentration (TPInt), final total phosphorus concentration (TPFnl), change in total phosphorus concentration (∆TPConc), and percent 
change in total phosphorus concentration (∆TPPct) for each DCDA bioassay of Experiment 3. 
 
Event Sampling 
Location 
Replicate SRP 
(µg/L) 
TSS 
(mg/L) 
TPInt 
(µg/L) 
TPFnl 
(µg/L) 
∆TPConc 
(µg/L) 
∆TPPct 
(%) 
Experiment 3* Anderson 1 6.8 4.6 22.5 6.7 15.8 70.2 
  2 6.8 4.6 22.5 9.2 13.3 59.1 
  3 6.8 4.6 22.5 5.9 16.6 73.8 
  Median 6.8 4.6 22.5 6.7 15.8 70.2 
         
 Austin 1 5.8 7.1 21.1 5.6 15.5 73.5 
  2 5.8 7.1 21.1 4.8 16.3 77.3 
  3 5.8 7.1 21.1 5.2 15.9 75.4 
  Median 5.8 7.1 21.1 5.2 15.9 75.4 
         
 Smith 1 7.1 2.5 19.1 10.0 9.1 47.6 
  2 7.1 2.5 19.1 9.7 9.4 49.2 
  3 7.1 2.5 19.1 10.5 8.6 45.0 
  Median 7.1 2.5 19.1 10.0 9.1 47.6 
*base flow 
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Table 5. Soluble reactive phosphorus concentration (SRP), total suspended solids concentration (TSS), initial total phosphorus 
concentration (TPInt), final total phosphorus concentration (TPFnl), change in total phosphorus concentration (∆TPConc), and percent 
change in total phosphorus concentration (∆TPPct) for each DCDA bioassay of Experiment 4. 
 
Event Sampling 
Location 
Replicate SRP 
(µg/L) 
TSS 
(mg/L) 
TPInt 
(µg/L) 
TPFnl 
(µg/L) 
∆TPConc 
(µg/L) 
∆TPPct 
(%) 
Experiment 4 Anderson 1 5.6 18.3 49.4 5.8 43.6 88.4 
  2 5.6 18.3 49.4 5.2 44.2 89.6 
  3 5.6 18.3 49.4 4.9 44.5 90.0 
  Median 5.6 18.3 49.4 5.2 44.2 89.6 
         
 Austin 1 7.2 59.0 81.6 8.1 73.5 90.1 
  2 7.2 59.0 81.6 9.6 72.0 88.2 
  3 7.2 59.0 81.6 9.9 71.7 87.9 
  Median 7.2 59.0 81.6 9.6 72.0 88.2 
         
 Smith 1 5.3 23.2 24.8 3.0 21.8 87.8 
  2 5.3 23.2 24.8 3.6 21.2 85.6 
  3 5.3 23.2 24.8 3.8 21.0 84.8 
  Median 5.3 23.2 24.8 3.6 21.2 85.6 
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Table 6. Soluble reactive phosphorus concentration (SRP), total suspended solids concentration (TSS), initial total phosphorus 
concentration (TPInt), final total phosphorus concentration (TPFnl), change in total phosphorus concentration (∆TPConc), and percent 
change in total phosphorus concentration (∆TPPct) for each DCDA bioassay of Experiment 5. 
 
Event Sampling 
Location 
Replicate SRP 
(µg/L) 
TSS 
(mg/L) 
TPInt 
(µg/L) 
TPFnl 
(µg/L) 
∆TPConc 
(µg/L) 
∆TPPct 
(%) 
Experiment 5 Anderson 1 9.9 114.5 207.9 113.8 94.1 45.3 
  2 9.9 114.5 207.9 81.9 126.0 60.6 
  3 9.9 114.5 207.9 100.9 107.0 51.5 
  Median 9.9 114.5 207.9 100.9 107.0 51.5 
         
 Austin 1 7.0 131.5 102.1 56.3 45.8 44.8 
  2 7.0 131.5 102.1 52.7 49.4 48.4 
  3 7.0 131.5 102.1 64.6 37.5 36.7 
  Median 7.0 131.5 102.1 56.3 45.8 44.8 
         
 Smith 1 4.3 110.3 68.6 28.1 40.5 59.1 
  2 4.3 110.3 68.6 15.8 52.8 77.0 
  3 4.3 110.3 68.6 36.6 32.0 46.6 
  Median 4.3 110.3 68.6 28.1 40.5 59.1 
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Table 7. Initial cell concentration (CellsInt), final cell concentration (CellsFnl), change in cell concentration (∆Cells), initial chlorophyll 
concentration (ChlInt), final control chlorophyll concentration (Ctrl.ChlFnl), final chlorophyll concentration (ChlFnl), and change in 
chlorophyll concentration (∆Chl) for each DCDA bioassay of Experiment 1.   
 
Event Sampling 
Location 
Replicate CellsInt 
(cells/mL) 
CellsFnl 
(cells/mL) 
∆Cells 
(cells/mL) 
ChlInt 
(mg/m3) 
Ctrl.ChlFnl 
(mg/m3) 
ChlFnl 
(mg/m3) 
∆Chl 
(mg/m3) 
Experiment 1 Anderson 1 50,000 140,000 90,000 NA NA NA NA 
  2 50,000 130,000 80,000 NA NA NA NA 
  3 50,000 130,000 80,000 NA NA NA NA 
  Median 50,000 130,000 80,000 NA NA NA NA 
          
 Austin 1 50,000 160,000 110,000 NA NA NA NA 
  2 50,000 140,000 90,000 NA NA NA NA 
  3 50,000 140,000 90,000 NA NA NA NA 
  Median 50,000 140,000 90,000 NA NA NA NA 
          
 Smith 1 50,000 200,000 140,000 NA NA NA NA 
  2 50,000 110,000 50,000 NA NA NA NA 
  3 50,000 120,000 70,000 NA NA NA NA 
  Median 50,000 120,000 70,000 NA NA NA NA 
          
32 
 
Table 8. Initial cell concentration (CellsInt), final cell concentration (CellsFnl), change in cell concentration (∆Cells), initial chlorophyll 
concentration (ChlInt), final control chlorophyll concentration (Ctrl.ChlFnl), final chlorophyll concentration (ChlFnl), and change in 
chlorophyll concentration (∆Chl) for each DCDA bioassay of Experiment 2.   
 
Event Sampling 
Location 
Replicate CellsInt 
(cells/mL) 
CellsFnl 
(cells/mL) 
∆Cells 
(cells/mL) 
ChlInt 
(mg/m3) 
Ctrl.ChlFnl 
(mg/m3) 
ChlFnl 
(mg/m3) 
∆Chl 
(mg/m3) 
Experiment 2 Anderson 1 70,000 230,000 160,000 83.3 25.8 30.1 4.3 
  2 70,000 210,000 140,000 83.3 25.8 52.7 26.9 
  3 70,000 220,000 150,000 83.3 25.8 27.9 2.1 
  Median 70,000 220,000 150,000 83.3 25.8 30.1 4.3 
          
 Austin 1 70,000 170,000 110,000 83.3 25.8 29.9 4.1 
  2 70,000 170,000 110,000 83.3 25.8 43.3 17.5 
  3 70,000 170,000 110,000 83.3 25.8 39.8 14.0 
  Median 70,000 170,000 110,000 83.3 25.8 39.8 14.0 
          
 Smith 1 70,000 140,000 80,000 83.3 25.8 37.2 11.4 
  2 70,000 140,000 80,000 83.3 25.8 32.5 6.7 
  3 70,000 120,000 50,000 83.3 25.8 27.6 1.8 
  Median 70,000 140,000 80,000 83.3 25.8 32.5 6.7 
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Table 9. Initial cell concentration (CellsInt), final cell concentration (CellsFnl), change in cell concentration (∆Cells), initial chlorophyll 
concentration (ChlInt), final control chlorophyll concentration (Ctrl.ChlFnl), final chlorophyll concentration (ChlFnl), and change in 
chlorophyll concentration (∆Chl) for each DCDA bioassay of Experiment 3.   
 
Event Sampling 
Location 
Replicate CellsInt 
(cells/mL) 
CellsFnl 
(cells/mL) 
∆Cells 
(cells/mL) 
ChlInt 
(mg/m3) 
Ctrl.ChlFnl 
(mg/m3) 
ChlFnl 
(mg/m3) 
∆Chl 
(mg/m3) 
Experiment 3* Anderson 1 70,000 200,000 130,000 98.6 28.0 34.8 6.8 
  2 70,000 200,000 130,000 98.6 28.0 34.3 6.3 
  3 70,000 200,000 130,000 98.6 28.0 32.5 4.5 
  Median 70,000 200,000 130,000 98.6 28.0 34.3 6.3 
          
 Austin 1 70,000 130,000 60,000 98.6 28.0 33.5 5.5 
  2 70,000 140,000 80,000 98.6 28.0 39.6 11.6 
  3 70,000 120,000 50,000 98.6 28.0 25.8 -2.2 
  Median 70,000 130,000 60,000 98.6 28.0 33.5 5.5 
          
 Smith 1 70,000 110,000 40,000 98.6 28.0 27.6 -0.4 
  2 70,000 120,000 50,000 98.6 28.0 34.7 6.7 
  3 70,000 110,000 40,000 98.6 28.0 31.1 3.1 
  Median 70,000 110,000 40,000 98.6 28.0 31.1 3.1 
          
* base flow 
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Table 10. Initial cell concentration (CellsInt), final cell concentration (CellsFnl), change in cell concentration (∆Cells), initial 
chlorophyll concentration (ChlInt), final control chlorophyll concentration (Ctrl.ChlFnl), final chlorophyll concentration (ChlFnl), and 
change in chlorophyll concentration (∆Chl) for each DCDA bioassay of Experiment 4.   
 
Event Sampling 
Location 
Replicate CellsInt 
(cells/mL) 
CellsFnl 
(cells/mL) 
∆Cells 
(cells/mL) 
ChlInt 
(mg/m3) 
Ctrl.ChlFnl 
(mg/m3) 
ChlFnl 
(mg/m3) 
∆Chl 
(mg/m3) 
Experiment 4 Anderson 1 50,000 160,000 110,000 91.3 30.1 32.2 2.1 
  2 50,000 190,000 130,000 91.3 30.1 35.0 4.9 
  3 50,000 190,000 130,000 91.3 30.1 38.3 8.2 
  Median 50,000 190,000 130,000 91.3 30.1 35.0 4.9 
          
 Austin 1 50,000 160,000 110,000 91.3 30.1 44.0 13.9 
  2 50,000 150,000 100,000 91.3 30.1 33.9 3.8 
  3 50,000 160,000 110,000 91.3 30.1 36.6 6.5 
  Median 50,000 160,000 110,000 91.3 30.1 36.6 6.5 
          
 Smith 1 50,000 140,000 90,000 91.3 30.1 37.7 7.6 
  2 50,000 150,000 100,000 91.3 30.1 38.3 8.2 
  3 50,000 150,000 100,000 91.3 30.1 41.8 11.7 
  Median 50,000 150,000 100,000 91.3 30.1 38.3 8.2 
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Table 11. Initial cell concentration (CellsInt), final cell concentration (CellsFnl), change in cell concentration (∆Cells), initial 
chlorophyll concentration (ChlInt), final control chlorophyll concentration (Ctrl.ChlFnl), final chlorophyll concentration (ChlFnl), and 
change in chlorophyll concentration (∆Chl) for each DCDA bioassay of Experiment 5.   
 
Event Sampling 
Location 
Replicate CellsInt 
(cells/mL) 
CellsFnl 
(cells/mL) 
∆Cells 
(cells/mL) 
ChlInt 
(mg/m3) 
Ctrl.ChlFnl 
(mg/m3) 
ChlFnl 
(mg/m3) 
∆Chl 
(mg/m3) 
Experiment 5 Anderson 1 70,000 190,000 120,000 97.1 25.1 31.9 6.8 
  2 70,000 190,000 120,000 97.1 25.1 25.6 0.5 
  3 70,000 190,000 120,000 97.1 25.1 29.6 4.5 
  Median 70,000 190,000 120,000 97.1 25.1 29.6 4.5 
          
 Austin 1 70,000 210,000 140,000 97.1 25.1 27.4 2.3 
  2 70,000 200,000 130,000 97.1 25.1 28.8 3.7 
  3 70,000 210,000 140,000 97.1 25.1 30.6 5.5 
  Median 70,000 210,000 140,000 97.1 25.1 28.8 3.7 
          
 Smith 1 70,000 160,000 100,000 97.1 25.1 27.2 2.1 
  2 70,000 150,000 90,000 97.1 25.1 24.9 -0.2 
  3 70,000 160,000 100,000 97.1 25.1 33.0 7.9 
  Median 70,000 160,000 100,000 97.1 25.1 27.2 2.1 
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Table 12. Kendall’s τ rank-based correlation coefficients (p-value ≤ 0.05). NS indicates a non-significant correlation. 
 
Kendall’s τ ∆Discharge Diversion TSS SRP TPInt ∆TPConc ∆TPPct ∆Cells ∆Chl 
∆Discharge - NS 0.644** NS 0.644** NS NS 0.487** NS 
Diversion NS - NS NS NS NS NS NS NS 
TSS 0.644** NS - NS 0.695*** 0.526** NS 0.389* NS 
SRP NS NS NS - 0.383* 0.440* NS NS NS 
TPInt 0.644** NS 0.695*** 0.383* - 0.783*** NS 0.415* NS 
∆TPConc 0.454* NS 0.526** 0.440* 0.783*** - NS NS NS 
∆TPPct NS NS NS NS NS NS - NS NS 
∆Cells 0.487** NS 0.389* NS 0.415* NS NS - NS 
∆Chl NS NS NS NS NS NS NS NS - 
 
* p-value < 0.05, ** p-value < 0.01, *** p-value <0.001 
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FIGURES 
 
Figure 1. Map of the Lake Whatcom watershed showing the Anderson, Austin, and Smith 
Creek watersheds and storm water sample collection locations. The diversion dam is located 
approximately 10 miles northeast of the Anderson Creek sampling location and Mirror Lake 
is located approximately two miles southeast of the Anderson Creek sampling location. 
 
 
• IWS sampling locations 
38 
 
  
Figure 2. Assembled dual culture diffusion apparatus (DCDA) prior to the start of an 
experiment. Note the black fabric sleeve placed over the chamber of the DCDA containing 
storm water to prevent light input.  
 
 
 
 
 
  
39 
 
Figure 3. Event 1 discharge values. The time of sample collection is represented by a dashed 
line. Note the scaling differences on the y axis.   
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Figure 4. Event 2 discharge values. The time of sample collection is represented by a dashed 
line. Note the scaling differences on the y axis.   
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Figure 5. Event 3 discharge values. The time of sample collection is represented by a dashed 
line. Note the scaling differences on the y axis.   
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Figure 6. Event 4 discharge values. The time of sample collection is represented by a dashed 
line. Note the scaling differences on the y axis.   
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Figure 7. Event 5 discharge values. The time of sample collection is represented by a dashed 
line. Note the scaling differences on the y axis. 
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Figure 8. Boxplots of the percent reduction in total phosphorus concentration (∆TPPct) 
grouped by experiment, with points showing the sampling location replicates. The overall 
∆TPPct median (78%) is represented by a dashed line.  
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Figure 9. Linear regression and 95% confidence intervals for predicting the reduction in total 
phosphorus concentration (∆TPConc) as a function of the square root transformed initial total 
phosphorus concentration (TPInt). 
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APPENDIX A 
Preliminary methods development, experiment A. The purpose of this experiment was to 
ensure the DCDA produced algal growth comparable to cells cultured in an Erlenmeyer 
flask. Because the two chambers of the DCDA are separated by a 0.45 µm membrane, 
alkaline phosphatase produced by the algae must diffuse across the membrane, hydrolyze 
orthophosphate, and then the orthophosphate must diffuse back across the membrane. To test 
this, cultures were simultaneously maintained in a DCDA as well as an Erlenmeyer flask. 
Selenastrum capricornutum were used in the DCDA’s because the genus is found in 
Whatcom County lakes and the species has been documented to produce alkaline 
phosphatase (Matthews, R. 2014. Personal communication). The genus and species of S. 
capricornutum was formally changed to Pseudokirchneriella subcapita (Hindak, 1990), but I 
followed the precedent set by EPA (2002) to use the previous name in order to maintain 
consistency with previous versions of the method and publications. 
Initial cell concentration:  250,000 cells/mL in 100 mL Erlenmeyer flasks; 500,000 cells/mL 
in 50 mL chamber of DCDA (effective concentration = 250,000 cells/mL). 
Final cell concentration:  6,230,000 cells/mL in 100 mL Erlenmeyer flask;             
11,320,000 cells/mL in 50 mL chamber of DCDA (effective concentration =            
5,660,000 cells/mL) 
Summary: No effect of DCDA on cell growth compared to Erlenmeyer flask. 
 
Preliminary methods development, experiment B. Due to the limited volume within the 
DCDA, total phosphorus analysis could only be performed using samples from the storm 
water chamber of the DCDA, not the algae chamber, at the conclusion of the experiment. The 
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purpose of this experiment was to document the transfer of phosphorus from the storm water 
chamber of the DCDA to the algae chamber of the DCDA. 
Initial phosphorus concentration: 38.7 µg/L in the storm water; 16.8 µg/L in the algae. 
Final phosphorus concentration: 5.2 µg/L in the storm water; 48.2 µg/L in the algae. 
Summary: Reduction in total phosphorus in the storm water chamber of the DCDA could be 
recovered in the algae chamber of the DCDA. 
 
Preliminary methods development, experiment C. The purpose of this experiment was to 
confirm the transfer of phosphorus from the storm water chamber of the DCDA to the algae 
chamber of the DCDA, reconfirming the results from experiment C. 
Initial phosphorus concentration: 41.0 µg/L in the storm water; 15.6 µg/L in the algae. 
Final phosphorus concentration: 10.3 µg/L in the storm water; 44.8 µg/L in the algae. 
Summary: Consistent transport of phosphorus from the storm water chamber of the DCDA to 
the algae chamber of the DCDA.  
 
Preliminary methods development, experiment D. The purpose of this experiment was to 
ensure that the DCDA and filter were not contributing phosphorus to the algae in the DCDA 
chambers. To test this, algae were cultured in the DCDA for 7 days with phosphorus 
deficient growth media instead of storm water.  
Initial cell concentration: 170,000 cells/mL. 
Final cell concentration: 150,000 cells/mL. 
Summary: The DCDA and filter did not contribute to algal growth. 
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Preliminary methods development, experiment E. The purpose of this experiment was to 
determine how desorption contributes to phosphorus uptake. To test this, 50 mLs of storm 
water was placed in the storm water chamber of the DCDA and 50 mLs of phosphorus 
deficient nutrient media was placed in the algae chamber of the DCDA. Aliquots were 
collected from the algae chamber of the DCDA after 0, 1, 2, and 7 days. All aliquots were 
below the detection limit for total phosphorus (1.6 µg/L). 
Summary: Desorption does not appear to be playing a role in phosphorus transfer from the 
storm water chamber to the algae chamber of the DCDA when a phosphorus sink (algae) is 
not present.  
 
Preliminary methods development, experiment F. The purpose of this experiment was to 
measure the pH in a DCDA as an indirect indication that alkaline phosphatase may be 
present. While exposed to light, S. capricornutum remove hydrogen from the water, thus 
increasing the pH (Rier et al., 2007). Alkaline phosphatase activity has been shown to 
increase at high pH levels (Li et al., 2013). A DCDA containing phosphorus-starved-algae 
and nutrient media was incubated for 7 days. After 7 days the pH in the algae chamber 
increased from 7.6 to 9.8.  
Summary: The pH in the algae chamber in the DCDA was within the range of activity of 
alkaline phosphatase, and the increasing pH over the 7 day period due to photosynthesis may 
enhance the activity of the enzyme. The increasing pH may also decrease spontaneous 
phosphorus desorption (Pardo et al., 1992). 
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Preliminary methods development, experiment G. The purpose of this experiment was to 
test for the presence of alkaline phosphatase. Alkaline phosphatase analysis was performed to 
confirm that the enzyme was affecting ∆TPConc. Alkaline phosphatase presence was 
determined following a modified version of Turner Designs method 998-2679, revision A 
(Turner Designs, 2014). A 2 mL aliquot was removed from the stock culture of S. 
capricornutum used to inoculate the DCDAs and added to 0.5 mL of the 36 µM                   
4-Methylumbelliferyl phosphate/Tris/0.1%/bovine serum albumin. The mixture was 
incubated for 2 minutes at a temperature of 18 to 22°C, and then 1.9 mL of 0.2 M sodium 
carbonate was added to stop the reaction. Enzyme activity was determined using 
fluorescence measured on a Turner Designs TD-700 fluorometer equipped with a cuvette 
adapter (part no. 7000-009), near UV lamp (part no. 10-049), long wavelength UV filter kit 
(part no. 7000-967) which included a 300-400 nm excitation filter and 410-600 nm emission 
filter. 
Summary: Alkaline phosphatase was present in the 7-day phosphorus starved algae culture. 
 
Preliminary methods development, experiment H. The purpose of this experiment was to 
determine the reaction rate of the alkaline phosphatase in the 7-day phosphorus starved algae. 
The reaction rate of alkaline phosphatase was determined following a modified version of 
Turner Designs method 998-2679, revision A (Turner Designs, 2014). A 2 mL aliquot was 
removed from the stock culture of S. capricornutum used to inoculate the DCDAs and added 
to 0.5 mL of the 36 µM 4-Methylumbelliferyl phosphate/Tris/0.1%/bovine serum albumin. 
Fluorescence was measured on a Turner Designs TD-700 fluorometer at 3 minute intervals 
for a total of 60 minutes. 
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Summary: The median reaction rate of the alkaline phosphatase present in a 7-day 
phosphorus starved algae culture was 9.0 fluorescence units per minute. 
 
Preliminary methods development, experiment I. The purpose of this experiment was to 
determine if phosphorus uptake by algae was greater during a 24-hr light regime or a 12-hr 
light/dark regime. To test this, algae in DCDAs were simultaneously cultured in artificial 
storm water using a 24-hr light regime and a 12-hr light/dark regime. The median ∆TPPct in 
the 24-hr light regime was 86.2% and the median phosphorus uptake in the 12-hr light/dark 
regime was 72.0%.  
Summary: Algal phosphorus uptake is greater using a 24-hr light regime than when using a 
12-hr light/dark regime. Azad and Borchardt (1970) also found that phosphorus uptake was 
greatly reduced in algae cultures during darkness. This 24-hr light regime is not found in 
Lake Whatcom, but one of the objectives of the DCDA bioassays was to facilitate the 
maximum uptake of phosphorus by the algae, thus yielding the maximum bioavailable 
phosphorus in storm water.   
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APPENDIX B 
Nutrient stock solution preparation 
Below is the protocol used to prepare the nutrient solutions following section 14, method 
1000.3 for green alga (EPA, 2002). 
 
 
Macronutrient solution A 
Dissolve 6.08 g MgCl2 6H2O, 2.20 g CaCl2 2H2O, and 12.75 g NaNO3 in 500 mL deionized 
distilled (dd) H2O. Transfer to 500-mL polypropylene bottle.  
 
Macronutrient solution B 
Dissolve 7.35 g MgSO4 7H2O in 500 mL dd H2O. Transfer to 500-mL polypropylene bottle. 
 
Macronutrient solution C 
Dissolve 0.522 g K2HPO4 in 500 mL dd H2O. Transfer to 500-mL polypropylene bottle.  
 
Macronutrient solution D 
Dissolve 7.50 g NaHCO3 in 500 mL dd H2O. Transfer to 500-mL polypropylene bottle.  
 
Micronutrient solution 
Add ~250 mL dd H2O to a 500-mL volumetric flask. Label micronutrient solution.  
Dissolve 164 mg ZnCl2 in 100 mL dd H2O. Mix. Add 1 mL of this solution to micronutrient 
solution. 
Dissolve 71.4 mg CoCl2 6H2O in 100 mL dd H2O. Mix. Add 1 mL of this solution to the 
micronutrient solution. 
Dissolve 36.6 mg Na2MoO4 2H2O in 10 mL dd H2O. Mix. Add 1 mL of this solution to the 
micronutrient solution. 
Dissolve 60.0 mg CuCl2 2H2O in 1000 mL dd H2O. Mix. Add 1 mL of this solution to 10 mL 
dd H2O. Add 1 mL of this second solution to the micronutrient solution.  
Dissolve 119.6 mg Na2SeO4 in 100 mL dd H2O. Mix. Add 1 mL of this solution to the 
micronutrient solution 
Dissolve 92.8 mg H3BO3 in micronutrient solution. 
Dissolve 208.0 mg MnCl2 4H2O in micronutrient solution. 
Dissolve 79.9 mg FeCl2 in micronutrient solution. 
Dissolve 150.0 mg Na2EDTA 2H2O in micronutrient solution. 
Bring micronutrient solution up to 500 mL after micronutrients have been fully dissolved. 
Transfer to 500-mL polypropylene bottle. 
 
For every 100 mL of medium desired, add 100 µL of macronutrient solutions A-D and      
100 µL of micronutrient solution to 99.5 mL dd H2O. For experiments requiring phosphorus 
free medium, do not include macronutrient solution C. 
 
